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The predominance of stone and bone in prehistoric 
archaeological deposits has resulted in the development of a 
range of methods to extract information from these important 
cultural resources. Since the development of radiocarbon 
dating in the late 1940s, a variety of analytical techniques 
derived from chemistry have been applied to archaeological 
research problems. Many of these methods have been 
employed in the analysis of archaeological skeletal remains, 
both human and faunal. In addition to providing information 
about chronology, chemical analyses of bones and teeth offer 
independent scientific methods to address past diet, climate 
and ecology that supplement conventional approaches (Price 
1989; Schoeninger and Moore 1992; MacFadden and Bryant 
1994; Pate 1994, 1997a; Bocherens et al. 1999). 
During the 1970s and early 1980s a variety of analytical 
techniques derived from chemistry emerged in the 
archaeological literature as a means to reconstruct past dietary 
patterns. The inorganic and organic chemical constituents of 
bone provide a record of long-term dietary intake. Elements 
and amino acids liberated by the digestion of foods are 
incorporated into the inorganic hydroxyapatite, Ca, (PO,), OH, 
organic collagen, and non-collagenous protein components of 
bone throughout a vertebrate's lifetime. In contrast, the 
chemical composition of teeth reflect the early stages of life 
during dental development. In some cases, chemical 
concentrations in bones and teeth can be related quantitatively 
to the chemical composition of past diet. Thus, chemical 
analyses of archaeological teeth and bones have the potential to 
provide information about juvenile and long-term dietary 
patterns, respectively, in both humans and associated fauna. 
Elemental analyses of inorganic hydroxyapatite focused 
primarily on strontium (Sr), barium (Ba) and magnesium 
(Mg). The concentrations of these alkaline earth metals in 
bone and tooth mineral reflect percentages of meat vs. plant 
foods and marine vs. terrestrial foods in the diet (Boaz and 
Hampel 1978; Sillen and Kavanagh 1982; Connor and 
Slaughter 1984; Klepinger 1984). In addition, strontium 
isotope ratios ("SrPSr) in bones and teeth were employed to 
distinguish marine vs. terrestrial inputs to prehistoric human 
diets (Ericson 1985). Many of these early elemental studies 
addressed relationships between dietary variability and 
mortuary variability as a means to assess past social 
differentiation (Brown 1974; Gilbert 1977; Lambert et al. 
1979; Schoeninger 1979; Blakely and Beck l98 1 ; Pate 
1984). 
Stable carbon ("CIi2C), nitrogen (lSN/"N) and sulfur 
(3P2S) isotope ratios in the collagen and non-collagenous 
protein components of bones and teeth record the relative 
amounts of marine vs. terrestrial foods and C, vs. C, plants in 
individual diets (Schoeninger and DeNiro 1984; Peterson and 
Fry 1987). Stable carbon and oxygen ('W160) isotope ratios in 
the inorganic carbonate and phosphate portions of bone and 
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tooth apatite can supplement these organic analyses (Krueger 
and Sullivan 1984; Sponheimer and Lee-Thorp 1999). 
Initial archaeological applications involved stable carbon 
isotopes in bone collagen. These studies addressed the relative 
contribution of photosynthetically distinct plants, e.g. corn (C,) 
vs. wheat (C,), to prehistoric human diets (van der Merwe and 
Vogel 1978; Bender et al. 1981; van der Merwe 1982). 
Subsequent research involved stable carbon and nitrogen 
isotope analyses of prehistoric human bone collagen to infer 
relative consumption of marine vs. terrestrial foods (Non; 
1981, 1982; Chisholm et al. 1982; 1983; Schoeninger et al. 
1983; Hobson and Collier 1984). More recently, stable oxygen 
isotopes have been employed to provide information about 
trophic level and diets based on browsing vs. grazing (Kohn et 
al. 1996; Wright and Schwarcz 1999). 
Beacause of the substantial dificulties associated with 
quantitative inferences regarding prehistoric human dietary 
composition from archaeological food remains and artefacts, 
chemical palaeodietary techniques involving analyses of 
human and faunal bones and teeth received great attention 
following their introduction in various parts of the world and 
became widespread in the archaeological and physical 
anthropological literature during the 1990s. 
Bone chemistry and palaeodiet: Australian research 
Bone chemistry palaeodietary methods were introduced to 
Australian archaeology via North America in the early 1980s 
(Pate 1997a). Pate ( 1984) employed strontium concentrations 
in the inorganic component of prehistoric human bone to 
address relationships between Holocene dietary variability and 
mortuary variability at the inland riverine Roonka Flat site near 
Blanchetown, South Australia. Hobson and Collier (1984) 
used bone collagen stable carbon isotopes to address marine vs. 
terrestrial dietary composition at two Holocene Aboriginal 
sites, coastal Broadbeach near Surfers Paradise in southeastern 
Queensland, and Swanport located south of Roonka Flat on the 
lower Murray River of South Australia. 
Following their initial paper, Hobson and Collier produced 
only one additional Australian based publication in the bone 
chemistry palaeodietary area. This paper (Collier and Hobson 
1987) supplemented the earlier publication by providing 
baseline stable carbon isotope data for a range of potential 
marine and terrestrial plant and animal foods from the 
Broadbeach region. These faunal and floral reference samples 
were used to estimate mean marine protein dietary composition 
for the prehistoric human sample. A mean bone collagen 
stable carbon isotope value of - 16.6 * 1.2O0 (n = 10) for the 
coastal Broadbeach sample suggested a 46% marine dietary 
protein contribution. In contrast, a value of -1 9.6 * 1.6'0 (n = 
8) for the inland riverine Swanprt sample indicated limited 
access to marine and C,-based terrestrial foods. 
Unfortunately, the Broadbeach skeletal population was 
reburied prior to the completion of more extensive chemical 
analyses (Meehan 1984; Webb 1987) and no further chemical 
analyses of the Swanport sample have been completed. Thus, 
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there is only limited information regarding stable carbon 
isotope variability within the Broadbeach and Swanport burial 
populations and stable nitrogen isotope analyses were not 
performed. Furthermore, the sample sizes employed in the 
initial analyses were not large enough to address dietary 
differences associated with age, sex and mortuary variability. 
Pate's initial palaeodietary research at Roonka Flat resulted 
in a M.A. degree awarded by Brown University (Pate, 1984). 
Following the completion of the MA thesis, Pate continued 
bone chemistry palaeodietary research in the lower Murray 
River Basin of South Australia in relation to Ph.D. (Pate 1989) 
and postdoctoral (Pate and Schoeninger 1993) studies at 
Brown, Harvard and the Australian National Universities. Pate 
took up the foundation lectureship in Archaeology at Flinders 
University, Adelaide, South Australia in 1990 and established 
bone chemistry and bioarchaeology as areas of research 
strength. 
Bone chemistry research at Roon ka Flat 
Excavations directed by Graeme Pretty, Division of 
Anthropology, South Australian Museum, at the Roonka Flat 
archaeological site (Figure 1) between 1968 and 1977 
produced one of the largest well provenanced prehistoric 
Aboriginal skeletal populations in Australia (Pretty 1977, 
1986). The mortuary variability and elaborate grave goods 
observed at this hunter-gatherer site suggested the possibility 
of a non-egalitarian social organisation. During this time 
period, hunter-gatherer diversity and social complexity were a 
focus of archaeological and anthropological research (cf. Lee 
and DeVore 1968; Struever 1968; Bettinger and King 1971; 
King 1976, 1978). Consequently, the Roonka Flat site received 
a great deal of attention from archaeologists in Australia and 
abroad. 
In relation to hunter-gatherer lifeways, the Roonka Flat site 
is located in a region with reliable water and food resources. 
The Murray-Darling is the largest permanent riverine system in 
Figure 1 Location of the Roonka Flat archaeological site, South 
Australia 
the arid Australian continent. Settlements in the lower Murray 
River region in the vicinity of Roonka Flat provided access to 
a range of plant and animal foods derived from the river and 
surrounding semi-arid plains. Prehistoric Aboriginal sites 
along the river are numerous and include stratified 
rockshelters, open habitation sites, rock art, scarred trees, 
middens, and cemeteries. Aboriginal oral tradition and 
European historic records provide evidence for densely 
populated Aboriginal settlements throughout the lower Murray 
River region of South Australia in both prehistoric and post- 
contact periods (Eyre 1845; Pretty 1977, 1986). 
Prehistoric Aboriginal burials are common in the soft 
Holocene sand dunes and flats bordering the Murray-Darling 
Rivers. Cemetery sites in the riverine region become larger 
and more dense after 5000 BP (Pardoe 1988,1994,1995). The 
occurrence of these large cemeteries throughout the riverine 
zone provides additional archaeological evidence for semi- 
sedentary and sedentary hunter-gatherer settltements during 
the late Holocene. As at other archaeological sites located 
within the sandy deposits bordering the Murray River, modem 
erosion exposed prehistoric human burials and associated 
cultural materials and threatened to destroy the site. 
Consequently, the South Australian Museum mounted a rescue 
excavation to save these cultural resources. 
Research at Roonka Flat involved a large multi- 
disciplinary team that focused on chronology, subsistence, 
palaeoecology, mortuary variability, social complexity and 
physical anthropology including palaeopathology (Pretty 1977, 
1986, 1988; Prokopec 1979; Prescott 1983; Pate 1984, 1990, 
1997% 1998% 1998b; Smith et al. 1988; Pretty and Kricun 
1989; Boyd and Pretty 1989; Prokopec and Pretty 1991 ; Pate 
et al. 1998a). 
Over 200 individuals were recovered during the Roonka 
Flat excavations. Approximately 18% of the interments dated 
to the Early Holocene (10,000 - 5000 BP) with the remainder 
dating to the Late Holocene (5000 BP - AD 1840). A majority 
of the Early Holocene burials consisted of adult males 
associated with a distinct cemetery; whereas, Late Holocene 
interments included an entire agelsex cross-section of the 
population associated with habitation remains. 
Modes of burial also changed through time. Early 
Holocene burials are dominated by individuals who were 
placed fully extended in shallow pits or slumped in deep, 
vertical shafts. Late Holocene interments occur in shallow pits 
in either a fully extended, recumbent-contracted or fully 
contracted (flexed) position with approximately 38% of 
individuals included in group burials consisting of 2 to 5 
persons per grave pit. Grave goods are associated with most of 
the burials. These include a range of stone and bone tools, 
animal bone and tooth headbands, necklaces and pendants, 
animal bone clothing pins, animal skeletons, freshwater mussel 
and snail shells, vegetable mats, hearthstones and associated 
ash and burnt nuts, seeds, clay and bone, and various ochres. 
Contact period burials include items of European origin such as 
pearl and metal buttons and clay and metal pipe fragments 
(Pretty 1977; Pate 1984). 
In the Late Holocene sample, mortuary differentiation on 
the basis of role or division of labor was addressed. The types 
of artefacts included as grave goods varied with sex. Ochre, 
bone projectile points, and stone tools were associated 
primarily with males; whereas, vegetable mats placed beneath 
the bodies were confined to female and subadult burials. 
Animal bones and mussel shells were associated with both 
males and females. The association of bone projectile points 
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and stone tools with the male activities of hunting and tool 
manufacturelmaintenance and vegetable mats with the 
gathering activities of females and subadults is suggested by 
these differences in grave goods. In addition, there is 
differentiation based on quantity of grave goods. The majority 
of the more elaborate graves with greater amounts of grave 
goods are those of older males. 
Bone strontium 
As strontium concentrations are higher in plants and 
freshwater molluscs in comparison to terrestrial animal tissues 
and these differences a; 
passed up the food chain to 
consumers, bone strontium 
concentrations were used to 
address relative consumption 
of these food types by 
prehistoric humans buried at 
Roonka Flat (Pate 1984). 
Bone strontium 
concentrations indicated a 
differential access to food 
resources based upon male 
age and sex. In the Early 
Holocene sample, bone 
strontium content decreased 
with increasing male age 
indicating that older 
Aboriginal males had a 
greater access to terrestrial 
protein than younger males. 
Because only several 
females were buried at 
Roonka Flat during the Early 
Holocene, comparisons with 
females could not be made. 
constituents of bone in a range of burial environments 
(Radosevich 1989a, 1989b, 1993; Whitmer et al. 1989; 
Sandford 1992; Sighinolfi et al. 1993). A variety of 
mechanisms that altered in vivo elemental concentrations in 
bone were identified. These post-mortem diagenetic 
mechanisms include dissolution, precipitation, mineral 
replacement, recrystallization, crystal growth, and ionic 
substitution. Due to the complex interactions of these various 
mechanisms, it was concluded that in many cases it was not 
possible to distinguish biological and post-mortem diagenetic 
components in interned bone. 
Figure 2 
Australia, 1986. Photo: Donald Pate 
In the Late Holocene sample, bone strontium content 
increased with increasing male age indicating that older 
Aboriginal males had diets consisting of greater amounts of 
vegetable foods andlor freshwater molluscs relative to 
younger males. Female bone strontium content was variable, 
but there was no correlation with age. In general, female bone 
strontium concentrations were lower than those of males 
indicating that females had greater access to terrestrial protein 
than males. 
Pate (1984:ii) concluded that distinctions in mortuary 
treatment and diet at Roonka Flat during the Holocene were 
based solely on differences of age and sex, and thus did not 
provide evidence for a non-egalitarian form of social 
organisation. 
Subsequent research at Roonka Flat (Pate and Brown 1985; 
Pate and Hutton 1988; Pate et al. 1989; Pate 1990; Pate et al. 
1991) suggested that the bone strontium variability observed 
previously in prehistoric Aboriginal remains recovered from 
the site (Pate 1984) could not be related to past dietary 
differences. An examination of the chemical dynamics of the 
Roonka Flat burial environment including multi-elemental 
analyses of soils (Fig. 2) and associated human bones indicated 
that a variety of post-mortem chemical changes (diagenesis) 
had occurred in the interred bone that obscurred any elemental 
dietary signatures that existed during life. 
Research addressing post-mortem diagenesis at other 
prehistoric cemetery sites reached similar conclusions 
regarding the instability of bone strontium and other elemental 
Because of the limitations associated with the use of 
elemental concentrations in bone apatite as a means to 
reconstruct past diet, most archaeologists and physical 
anthropologists involved with chemical palaeodietary 
applications now employ stable isotope analyses of collagen 
and non-collagenous proteins in bones and teeth. However, in 
most cases, the biological decomposition of collagen limits 
organic palaeodietary determinations to Late Pleistocene and 
Holocene materials (Tuross et al. 1988; Bocherens et al. 1991). 
To overcome this temporal limitation, collagen data are often 
supplemented by carbon andwxygen isotope analyses of bone 
carbonate and bone phosphate. Although bone and tooth 
mineral are physically preserved for much longer periods, 
post-mortem chemical changes may also alter carbonate stable 
isotope values (Lee-Thorp et al. 1989; Lee-Thorp and van der 
Merwe 1991; Kmeger 1991). In contrast to bone carbonate, 
stable oxygen isotope ratios in bone phosphate are more 
resilient to post-mortem alteration. Because tooth enamel is 
non-porous and has a larger apatite crystal size, it should be 
more resistent to post-mortem alteration than bone mineral 
(Quade et al. 1992). 
Bone collagen stable isotopes 
Stable isotope palaeodietary applications at Roonka Flat 
involved analysis of bone collagen from a range of modem 
marine and terrestrial fauna in order to provide baseline stable 
carbon and nitrogen isotope values (Figs 3 and 4) that could be 
used to infer prehistoric human dietary composition (Pate and 
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Schoeninger 1993; Pate 1997a; Pate et. 
al. 1998a). Once these baseline values 
were established analysis of the Roonka 
Flat prehistoric human sample 
proceeded. Bone collagen stable carbon 
and nitrogen isotopes values were 
employed to address I) relative access to 
foods from coastal, riverine and arid 
interior habitats and 2) dietary variability 
within the population. Due to poor 
collagen preservation in the Early 
Holocene sample (Pate 1997b, 1998c), 
dietary inferences were restricted to the 
Late Holocene sample. 
As the Roonka Flat site is located in 
an inland riverine environment 
dominated by plants employing the C, 
photosynthetic pathway, bone collagen 
stable carbon isotope values could be 
used to assess the relative quantities of 
local C,-based foods and marinetinland 
C,-based foods in prehistoric Aboriginal 
diets (Pate 1995% 1995b). Plant and 
animal foods obtained from the Murray 
River are included in the C, terrestrial 
Figure 3 Donaid Pate with the Europa Scientific mass spectrometer used to derermine bone 
collagen stable carbon and nitrogen isotape values, CSlRO Division of Land and 
Water, Adelaide, South Australia. Photo: l m  Owen 
category. The mean bone collagen stable carbon isotope value 
(-20.1 1.2O/m, n = 32) for the Roonka Flat human sample 
indicated that Aboriginal diets consisted of at least 90% C,- 
based terrestrial and freshwater foods. Thus, stable carbon 
isotope values suggested that there was minimal movement of 
people andlor food between the inland riverine area and the 
southeastern coastal and arid interior regions of South 
Australia during the late Holocene. 
The addition of bone collagen stable nitrogen isotope data 
(Pate 1997% 1998% 1998b) provided more precise dietary 
discrimination suggesting a focus on local terrestrial mammals 
such as kangaroos, wombats, and dingoes supplemented by 
freshwater fish, mussels, and crustaceans. A plot of mean 
stable carbon vs. nitrogen isotope values for Roonka Flat 
humans and potential dietary items suggested that these 
riverine hunter-gatherers obtained 40-50% of their dietary 
protein from the meat of local terrestrial herbivores, 30-40% 
from freshwater fish and shellfish and 10-15% from 
terrestrial carnivores, i.e. dingoes. Marine foods, arid-land 
terrestrial mammals, and aquatic and terrestrial vegetable 
foods made only minimal contributions to the dietary protein 
intake of these Indigenous riverine inhabitants. Faunal 
remains from lower Murray rockshelters also indicated diets 
based on terrestrial mammals and freshwater fish and 
shellfish during the Late Holocene (Hale and Tindale 1930; 
Mulvaney 1960; Mulvaney et al. 1964; Smith 1978, 1982; 
Paton 1983). 
While adult males and females had similar mean bone 
collagen stable nitrogen isotope values (male: 13.3 * 1.2O/m, 
n = 14; female: 13.2 + 1 .40tm, n = 1 l), on average males had 
mean stable carbon isotope values (- 
19.7 l.OOtm, n = 14) that were 0.7Otm 
more positive than females. Subadults 
(less than 15 years old), had mean 
stable nitrogen isotope values that were 
approximately 0.6°/00 more positive than 
adults; whereas, stable carbon isotope 
values were similar in adult females and 
subadults. The observed 6"N- 
enrichment in Roonka Flat subadults 
may be an artefact of milk-based diets 
from childhood (Fogel et al. 1989; 
Tuross and Fogel 1994). In addition, 
d .  " 
with adult females than they did with 
Figurn4 Amy Roberts 1 the mass SWometrY laboratory, CSlRO Division adult males. Furthermore, dietary 
of Land and Water, Adelaide, South Australia. Photo: l m  Owen differences between adult males and 
subadults had diets more similar to a those of adult females than adult 
males, including greater quantities of 
-I 
"C-depleted foods such as aquatic and 
terrestrial plants and freshwater 
shellfish. Thus, stable isotope dietary 
reconstructions for children suggest 
that thev soent ereater amounts of time 
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adult females indicate that food sharing, if practiced, did not 
result in an equal distribution of various food types. 
With regard to sedentism and territoriality, the stable 
nitrogen isotope data also indicated limited movement of food 
and people between the riverine environment and adjacent arid 
interior and coastal habitats. Other archaeological and physical 
anthropological data provide independent support for the stable 
isotope findings. Palaeopathological analyses, detenninations 
of biological distance from cranial non-metric traits, surveys of 
cemetery and site distributions and numbers, and mortuary 
analyses have all provided evidence for increased sedentism 
and territoriality along the lower Murray River during the Late 
Holocene (Pretty 1977, 1986; Prokopec 1979; Pate 1984, 
1995a, 1995b; 1997a; Webb 1984, 1989, 1995; Pardoe 1988, 
1990, 1994, 1995; Pretty and Kricun 1989). 
Discussion 
Bone chemistry research at Roonka Flat played a primary 
role in the development of elemental and isotopic 
palaeodietary methods in Australia. In addition, a small 
number of stable isotope palaeodietary research projects have 
also been conducted in the Pacific (e.g. McGovern and Quinn 
1996; Ambrose et al. 1997; Pate et al. 1999). 
Stable isotope analyses of human and faunal bones and 
teeth are emerging as valuable alternative means for the 
reconstruction of past human dietary composition, territorial 
boundaries and social landscapes. In relation to pre-contact 
sites, stable isotope techniques provide quantitative dietary 
data that cannot be obtained using conventional archaeological 
and physical anthropological methods. For historical periods, 
stable isotope data provide a valuable supplement to 
information obtained from written records, archaeological 
excavations and physical anthropology. 
Furthermore, stable isotope analyses of bones and teeth 
from archaeological and palaeontological sites are now 
employed to infer changes in past plant and animal distributions 
and climatic conditions. Recent Australian applications in these 
areas include the research of Ayliffe and Chivas (1990) with 
oxygen and Noble (1995), Anson (1997), Grocke (1997), 
Grocke et al. (1997), Pate et al. (1998b), Roberts (1998), 
Roberts et al. (1999) and Pate and Noble (2000) with carbon 
andlor nitrogen. Thus, stable isotope data are complementing 
standard palaeoecological methods by providing independent 
means to address various research questions. 
Due to the central role of stable isotope data from modem 
fauna in providing baseline values for inferences about past 
diet, climate and ecology, improved faunal data bases for 
various ecosystems and geographic regions of Australia are 
required before widespread applications of stable isotope 
methods can be realised. In addition, the future success of 
isotopic applications involving pre-contact human bone 
samples in Australia will depend on a significant improvement 
of the existing skeletal collections available for study. Large, 
well-provenanced skeletal samples representing a variety of 
ecological zones in different regions of the continent are 
required (Pate 1997a). A range of bioarchaeological research 
areas will benefit from better skeletal samples. In addition, 
applications of bioarchaeological data to general 
archaeological research problems will be facilitated by 
improved skeletal collections. 
Pate's research group is currently investigating the 
potential of stable isotope data as a means to determine the 
geographical origin of non-provenanced skeletal remains held 
by the South Australian Museum. If successfid, the technique 
will be applied to other museum collections in Australia and 
abroad. The provision of geographical locality for un- 
provenanced skeletal remains will benefit bioarchaeological 
research by improving skeletal samples and at the same time 
provide Indigenous communities with better information 
regarding the nature of these collections. 
As Indigenous Australians learn more about the benefits of 
bioarchaeological research, they are placing greater value on 
the results of this research and its direct application to 
community health programs, native title claims and improved 
information about the diversity of past lifeways. The 
improving relations between archaeologists and Indigenous 
communities in Australia including the direct involvement of 
Aborigional and Torres Strait Islander peoples in 
archaeological research is paving the way for a productive 
future that will benefit archaeologists, Indigenous peoples and 
the general Australian public. Bioarchaeological research has 
the potential to make a significant contribution to this process 
of reconciliation. 
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